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Summary of thesis 
1. Introduction 
In recent years organic electronic devices, such as organic field effect transistor (OFET), 
organic light emitting diodes (OLED), and organic photovoltaic cell (OPV), have developed 
rapidly and in particular OLED has entered the marketplace. The researches were carried out from 
both fundamental science and device application, since organic devices have unique advantages in 
low cost, light weight and vast possibility of intentional syntheses of new functional materials. To 
improve the performance of organic devices, it is essential to clarify mechanisms of charge 
transfer/transport and charge separation. Therefore, study of the frontier electronic structures 
responsible to these properties is requisite.  
Recently, it was found that organic thin films grow different polymorphs with different 
preparation condition and on different substrates, the ionization energies (IE, which is defined as 
the energy difference between the highest occupied molecular orbital (HOMO) onset and the 
vacuum level (Evac)) of organic thin films are highly related to the molecular packing density and 
molecular orientation, which is attributed to the surface-electrostatic potential by intramolecular 
polar bond in the ordered molecular layers. There are various origins of the IE variations, e.g., 
change in intermolecular interaction and polarization effects due to difference of the crystal 
structure and molecular packing density, and change in the molecular orientation. These origins 
are usually related with each other, it is therefore not easy to find the main origin of the IE 
variation. This problem also produces a difficulty in designing the organic interfaces. Among 
various origins, a molecular orientation dependence of IE is attributed to the surface-electrostatic 
potential produced by intramolecular polar bonds at the surface of an oriented molecular layer. In 
this case, we expect that electron affinity (EA, which is defined as the energy difference between 
the lowest unoccupied molecular orbital (LUMO) onset and the Evac) also show the same shift as 
IE depending on whether or not the surface is covered by the polar bonds, while other origins, for 
example, changes in intermolecular interaction and polarization effects due to the crystal 
structure/molecular packing density difference, should result in a significantly different change 
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between IE and EA, since occupied and unoccupied frontier orbitals have different spatial 
distributions. 
Accordingly, it is desired to study both of IE and EA, namely, HOMO and LUMO of organic 
films with, for example, different molecular orientations and examine whether these two values 
change similarly or not, since the values of IE and EA play crucial roles for the energy level 
alignment. Unfortunately, however, the direct relationship between the EA and molecular 
orientation has not yet been studied experimentally. 
In this work, the IE and in particular the EA of thin films of diindenoperylene (DIP) and 
pentacene were investigated accurately by using ultraviolet photoemission spectroscopy (UPS) 
and inverse photoemission spectroscopy (IPES), respectively, since these values are essential in 
understanding the device properties and designing more efficient devices.  
2. Quantitatively identical orientation-dependent ionization energy 
and electron affinity of diindenoperylene 
For DIP, the molecular orientation dependences of the IE and EA of DIP thin films were 
studied. He I UPS (21.22 eV) experiments were performed with a home-built in situ ultra-high 
vacuum system described elsewhere [1]. IPES was carried out by a home-made in situ 
bremsstrahlung isochromat spectroscopy IPES apparatus, with an energy resolution of about 0.5 
eV, which consists of an electron gun with a BaO coated cathode and a bandpass detector with the 
window materials of SrF2 and an electron multiplier sensitized with KCl layer that can collect the 
photons in the energy range 9.4-9.8 eV.  
The molecular orientation was controlled by preparing DIP films on highly oriented pyrolytic 
graphite (HOPG) and SiO2 substrates, and confirmed by metastable atom electron spectroscopy. 
The molecular orientations of DIP thin film are flat-lying on HOPG and standing-up on SiO2. 
From the thickness dependence (2, 5, 10 and 20 nm) of He I UPS and IPES spectra for 
DIP/HOPG and DIP/SiO2, the threshold IE and EA of DIP thin films were determined 
respectively to be 5.81 and 3.53 eV for the film of flat-lying orientation on HOPG, and are 5.38 
and 3.13 eV for the film of standing-up orientation on SiO2. Considering the slightly difference 
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from thickness dependence for both substrates, the molecular orientation-dependent change of IE 
is obtained as IE = 0.43 ± 0.06 eV, and that of EA as EA = 0.40 ± 0.02 eV. These IEs and 
EAs are much larger than thickness dependent variations of IE and EA. 
The result indicates that both of the IE and EA for the flat-lying orientation are larger by 
about 0.40 eV (in the experimental error) than for the standing-up orientation, indicating that the 
frontier orbital states rigidly shift away from the Evac. This rigid energy shift is ascribed to a 
surface-electrostatic potential produced by the intramolecular polar bond (> C
-
-H
+
) in DIP and -
electron tailing into vacuum with minor contribution from changes in the molecular 
packing/crystal structures of the films on HOPG and SiO2 substrates [2]. 
3. The electron affinity and ionization energy of pentacene thin film 
studied by radiation-damage free inverse and ultraviolet 
photoemission spectroscopy 
Pentacene has been well known as a prototypical organic semiconductor material. Due to the 
high hole mobility, charge transport properties of pentacene have been extensively studied and has 
been widely used in OFET. As the charge injection to an organic layer from an electrode and its 
transport through the layer are dominated by energy levels of the organic layer, the electronic 
structure of pentacene has been extensively studied by many groups. The band-gap energy 
between HOMO and LUMO states of pentacene has also been studied extensively during the last 
decades, but it is still under controversy. Different values have been reported with various 
methods, for instance, 2.8 eV when considering charge-transfer exction, 2.2 eV and 2.25 eV by 
using photoconductivity measurement, 1.82 eV from the optical absorption, and 2.2 eV from 
theoretical calculation. However, there are very few reports on the band-gap energy determined 
accurately by UPS and IPES, because of limited number of reports on the EA value determined 
with IPES experiments. IPES has drawbacks in investigating organic materials due to its poor 
energy resolution and serious radiation damage of the target organic film introduced by the 
electron impact. 
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3.1 Radiation-damage free and high-energy resolution IPES instrument 
As the conventional IPES has the disadvantage in measuring organic materials, which are 
easily damaged by the electron radiation during IPES measurement, we employed a new type of 
inverse photoemission spectroscopy named near-ultraviolet inverse photoemission spectroscopy 
(NUV-IPES) [3]. The NUV-IPES has solved the two main problems in conventional IPES, 
namely (1) radiation damage of organic films and (2) poor energy resolution. 
(1) Radiation damage during NUV-IPES measurement: Different from the photon detector 
for conventional IPES, the NUV-IPES uses a bandpass filter instead of the window materials of 
the normal detector, which can help to collect the photons with lower energies, namely, in the 
near-ultraviolet range (h < 5 eV) instead of the normal energy in conventional IPES of around 10 
eV. Therefore, lower energy electron beam with the kinetic energy lower than 5 eV is required 
which can effectively reduce the sample damage. To make sure that the NUV-IPES does not 
introduce radiation damages into the organic samples, the damage examination experiments were 
carried out on several typical organic molecules including DIP, CuPc and pentacene. 
(2) Energy resolution of NUV-IPES: The energy resolution of IPES spectrum is increased to 
about 0.3 eV from that of 0.5 eV in conventional IPES. As the energy resolution of IPES is 
determined by the energy spread of both electron beam and photon detector. The new detector 
consists of an optical bandpass filter and a photomultiplier tube. The optical bandpass filter has a 
narrow energy window (0.1 - 0.3 eV) than that of the electron-multiplier based detector with 
combined window materials (0.5 eV). The energy resolution of the NUV-IPES was measured as 
0.27~ 0.32 eV and does not introduce radiation damage into organic samples because of using 
lower energy electron beams (0 eV ≤ Ei ≤ 4.9 eV).  
3.2 NUV-IPES and UPS study of pentacene thin films 
As pentacene thin films are one of the most radiation sensitive organic molecules, the EA 
and IE of 10 nm pentacene/ITO (which is the substrate commonly used for devices) with standing 
molecular orientation was studied by NUV-IPES and UPS.  
The unoccupied states of pentacene thin film was studied by four bandpass filters with the 
centered wavelength 254, 280, 285 and 335 nm. The detect photon energies for the four filters are 
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4.89, 4.46, 4.38 and 3.71 eV, respectively. All the spectra were normalized by sample current 
subtracting the background from the instrumental. Each of the four NUV-IPES spectrum shows 
essentially similar features. The spectral features including onsets and peaks of the unoccupied 
states shift rigidly with the transmission photon energies of the bandpass filters. The kinetic 
energies (Ek) of four onsets and peaks of the LUMO observed are plotted against the detected 
photon energy (h) to evaluate the EA and the LUMO position from the Evac by the least-squares 
fitting of the relation Ek = h +a (a is constant, giving EA etc.), where the peak positions of the 
LUMO are obtained by fitting the spectra with Gaussian curves. This procedure can effectively 
depress the systematic error existing in determining the threshold EA and the peak energy of the 
LUMO due to unexpected change in the electron kinetic energy at very low energy region. The 
resultant energy from Evac to the LUMO onset (threshold EA) is 2.70 ± 0.03 eV, and to the peak 
position is 1.93 ± 0.05 eV. 
UPS experiments were performed with He I resonance radiation (h = 21.22 eV) with the 
energy resolution less than 60 meV. The IE is 4.90 ± 0.05 eV for 10-nm-thick bulk phase standing 
orientation pentacene films on ITO. 
Due to a large mean-free-path of the electron in the pentacene film in the above described 
energy region (3.8-4.4 eV) [4], the EA of the bulk of pentacene film was precisely determined to 
be 2.70 eV. Using the IE of 4.90 eV, the band-gap energy of the pentacene film is obtained to be 
2.20 eV [5]. This result would be able to give more accurate discussion on charge transport and 
pentacene based organic devices. 
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